ssou"'Tg  c_assip-caticn  op  this  ?*« 


REPORT  DOCUMENTATION  PAGE 

"  j  •  3.  REiTRlC“i  'J  6  MAS  <  .NC 


AD-A191  707  DTIC 

ILECTEI 

j:,  — 

Ja  »«TpcrminG  organization  ^■q^B^uMBescSi 

I  W 


3 1  ST  a  <  z -  T  ■  C.‘J/ A  v A » c  V  *  J|P  a#H 

Distribution  Unlimited 


Je*.  NAME  op  aSRPORMING  organization 

So.  OP  =  'CE  SYMBOL 

1  Mas sachus acts  Institute  of 

(U  applies  ate . 

|  Technology 

ec.  AO  on  ESS  I City.  Stall  ana  ZIP  Caaai 

Rm.  L3-3005 

MIT,  77  Massachusetts  Avenue 
Cambridge,  MA  02139 


i*.  name  OP  PUNOING/SPCNSORING 

So.  0P  =  IC2  3v*.i8Cl 

ORGANIZATION 

{If  appiiesoie: 

AF0SR 

m  mc 

5c.  ACCR6SS  iC.’.'y,  State  ana  ZIP  Zoom i 

AJQSR/Ng  ATTN:  Dr.  Don  Ulrich 

Bolling  AF3,  DC  20332-6<ii3 

*  7.  TlTLi  f/nciua*  ifcunfy  CTauitfeanon; 

Liquid  Carbon 

•2.  msscnal  authohisi 

M. S.Dresselhaus,  J. Steinbeck _ 

rvp«  :p  se?or*  '  l  ica.  time  coves  sc" 

Reprint  !  mom  9-1-86  to  8; 

SUPPLEMENTARY  NOTATION  ”*~” 


MCNlTC  RING  ORGANlZA*  ON  R£?CRT  N_MB£  =  'S, 

aiBI3B§RTR.  8  8-  0  224 


AF0SR/3E  i'U  _ 

*b.  AC  OR  ESS  (City.  State  ana  ZIP  Caaet 

Building  410 

Boiling  Air  Force  Base,  DC  20332-6HS 


F19629-35-C-0117 

•0.  SCURC2  CP  PJNOING  NCS. 


program 

prc.e:- 

Element  no. 

NC. 

(c  i/z.zr 

....  is :  i 

|  WC=<  J.NlT 

i  NC. 


3S>.  time  OCvERsO  :*  CATE  OF  RESORT  ,Y-  .  Mo.  Jay, 

mom  9-1-86  rc  8-31-37  October  30,  1987 


•S.  aAGE  CCC.N' 

30 


_7 _ CCSAT1  COOES _ 

«iCU3  I  group  I  sus.  SR. 


1  *®*  SUBjE-.  TSRmS  Cjh unu*  on  r*iHrrur  if  necessary  tmc  :d«nn^y  by  bloc*  numo«r? 

[>Liquid  Carbon, High  Temperature  Resistivity  of  Carbon  Fibers, 
j  Photoconductivity  of  Carbon  Fibers^ 


*B.  ABSTRACT  (Cjnunuo  on  revene  if  neceuarr  ana  identify  by  biac*  numoeri 


In  this  brief  review  article  on  liquid  carbon,  the  following  topics  are  consid¬ 
ered:  the  phase  diagram  of  carbon,  methods  for  preparing  and  characterizing 
liquid  carbon,  a  survey  of  what  is  known  about  the  properties  of  liquid  car¬ 
bon,  and  models  that  have  been  used  to  account  for  the  properties  of  liquid 
carbon.  Special  emphasis  is  given  to  experiments  on  carbon  fibers  relevant  to 
determination  of  the  electrical  resistivity  of  liquid  carbon.  w  r 

K  *  i.  r  -  r '  1 


Cl  oistribution/availability  op  abstract 

UNCLASSIPiEO/UNLIMITEO  SAMBAS  APT.  C  OTIC  USERS  C 
02*.  NAME  OP  RESPONSIBLE  individual 

Dr.  Don  Ulrich 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

Unclassified 

22B.  TELEPHONE  NUMBER  22c.  OP*ICS  SYMBOL 

tineiude  Area  Codet 

(202)767-4963  m 


00  FORM  1473,  83  APR  eoition  op  i  .an 


.VW5M 


WTO 


IOITION  OR  \  *an  ?3  (S  OBSOlSTB. 

-  +  *  -  *'-*  *r  -•  -v  a 


s.  •r. 


AFQfcRTK-  »8-u^Ji4 


Liquid  Carbon 

M.S.  Dresselhaus  and  J.  Steinbeck 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 


Introduction 

Much  discussion  and  controversy  [l]  has  recently  been  focused  on  the  properties 
of  liquid  carbon,  formed  from  the  highest  melting  temperature  solid  (Tm  « 
4450K).  The  discussion  has  centered  on  the  issue  of  whether  liquid  carbon 
is  metallic  like  graphite,  or  much  less  conducting  (insulating).  Graphite  is 
the  stable  solid  from  which  the  liquid  is  formed  at  low  pressures  (see  Fig.  1). 
The  interesting  physics  issues  that  are  raised  by  this  controversy  concern  the 
bonding  arrangement  or  coordination  of  the  carbon  atoms.  If  liquid  carbon 
were  metallic,  it  should  be  an  atomic-like  liquid,  probably  similar  to  liquid  Si 
and  liquid  Ge  (also  in  Column  IV'  of  the  periodic  table),  which  are  octahedrally 
coordinated  in  the  liquid  phase  [2].  On  the  other  hand,  if  liquid  carbon  were 
insulating,  it  would  likely  be  an  exotic  molecular  liquid,  with  the  bonding 
requirements  of  the  four  valence  electrons  for  each  carbon  atom  fully  satisfied. 
Another  possibility  that  has  been  proposed  is  that  there  is  more  than  one  form 
of  liquid  carbon,  depending  on  temperature  and  pressure  [3],  and  perhaps  more 
than  one  phase  of  liquid  carbon  has  been  experimentally  observed  [4,5].  Though 
much  is  known  about  carbon  chemistry  and  structure-property  relations  for 
various  carbons,  many  uncertainties  remain  concerning  the  phase  diagram  for 
carbon  [6,7]. 

While  this  controversy  about  liquid  carbon  stimulates  scientific  interest  at 
seminars  and  conferences,  the  properties  of  liquid  carbon  may  also  have  prac¬ 
tical  significance.  When  a  rocket  with  a  carbon  coated  nose  cone  reenters  the 
atmosphere,  its  temperature  may  get  high  enough  to  form  liquid  carbon;  the 
heat  transfer  (thermal  conductivity)  properties  of  insulating  and  metallic  liquid 
carbon  phases  would  be  expected  to  differ  significantly.  As  another  example, 
ion  beam  heating  during  ion  implantation  of  diamond  may  melt  small  regions  of 
the  diamond  substrate  near  the  surface.  The  regrovvth  characteristics  of  carbon 
at  a  diamond  interface  would  therefore  be  of  importance  for  device  applications 
of  ion  implanted  diamond. 


In  this  brief  review,  we  consider  the  phase  diagram  of  carbon,  methods  for 
preparing  and  characterizing  liquid  carbon,  a  survey  of  what  is  known  about 
the  properties  of  liquid  carbon,  and  models  that  have  been  used  to  account  for 
its  properties. 

The  Phase  Diagram  of  Carbon 

Although  carbon  has  been  studied  as  a  function  of  temperature  and  pressure 
for  many  years,  major  uncertainties  remain  today  about  the  phase  diagram  of 
carbon.  The  most  popular  phase  diagram  in  use  today  is  the  mode!  that  stems 
from  the  early  work  by  Bundy  [8]  where  he  set  out  to  melt  graphite  under 
conditions  of  high  temperature  and  pressure  (see  Fig.  1).  For  convenience,  we 
will  refer  to  this  phase  diagram  in  the  present  discussion  of  liquid  carbon. 

Since  the  original  work  by  Bundy  [8],  many  other  proposals  have  been 
made  for  the  phase  diagram  of  carbon  [7],  In  addition  to  the  common  solid 
graphite  and  diamond  phases,  metallic  solid  phases  have  been  proposed  at 
very  high  pressures,  [9,10]  while  at  more  modest  pressures,  hexagonal  diamond 
and  linearly  coordinated  carbon  phases  (carbynes)  have  been  suggested  [11], 
However,  the  greatest  uncertainty  about  the  carbon  phase  diagram  concerns 
liquid  carbon:  whether  there  is  a  single  liquid  phase  at  low  pressures  (below 
~  1  kbar  pressure),  and  if  so,  whether  it  is  metallic  or  insulating;  or  whether 
two  or  more  liquid  phases  might  occur  under  various  conditions  of  temperature 
and  pressure.  A  comprehensive  and  critical  review  of  the  various  proposed 
phase  diagrams  for  carbon  has  recently  been  made  [7]  and  even  more  recently 
updated  [12],  The  reader  is  referred  to  these  works  for  further  details. 

Preparation  of  Liquid  Carbon 

The  preparation  of  liquid  carbon  involves  two  key  requirements:  a  suitable 
crucible  and  sufficient  heat.  Since  carbon  is  the  highest  melting  solid,  the 
problem  of  a  suitable  crucible  has  to  be  met.  To  avoid  contamination,  this 
problem  must  clearly  be  solved  by  melting  carbon  in  a  carbon  crucible,  i.e.. 
forming  a  puddle  of  liquid  carbon  in  a  carbon  (graphite)  block.  To  form  the 
liquid  carbon,  enough  energy  Aff  must  be  supplied  to  melt  the  carbon  sample 
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which  is  initially  at  temperature  Tq: 


T* 

AH  =  /  "  C(T)dT  +  AHm. 

JTa 


With  a  latent  heat  of  melting  of  =  105  kJ/mole  [8]  and  an  increase  in 

enthalpy  of  106  kJ /mole  in  heating  from  room  temperature  to  the  melting  point 
Tm,  it  is  clear  that  a  large  amount  of  energy  has  to  be  supplied.  The  problem 
of  an  adequate  heat  supply  is  further  exacerbated  by  the  high  in-plane  thermal 
conductivity  of  the  carbon  container.  Of  all  solids,  diamond  has  the  highest 
thermal  conductivity  (K  =  23  W/cm-K  at  room  temperature)  and  that  for 
graphite  (in-plane)  is  only  slightly  smaller  ( K  =  19  W/cm-K).  However,  by 
using  a  graphite  container  which  exploits  the  low  thermal  conductivity  normal 
to  the  layer  planes  (Ka/Kc  ~  200),  and  by  supplying  energy  fast  enough  with 
a  pulsed  laser  or  pulsed  current  source,  so  that  the  heat  loss  by  conduction, 
convection  and  radiation  become  negligible  on  the  time  scale  of  the  heating 
pulse,  liquid  carbon  can  be  formed  and  studied  [13].  As  a  source  for  liquid 
carbon,  highly  oriented  graphite  is  advantageous  because  of  its  high  absorption 
coefficient  for  laser  light  [4,5]  and  its  high  resistive  loss  for  current  pulses  [14]. 
Nevertheless,  the  pulsed  laser  technique  has  produced  liquid  carbon  in  graphite 
[4,5]  in  diamond  [15].  To  give  some  typical  magnitudes,  with  a  30  nsec  ruby 
laser  pulse  (694  nm)  of  2J/cm2  intensity,  more  than  1700  A  of  liquid  carbon  can 
be  formed  over  an  area  of  0.2  cm2,  and  kept  in  the  liquid  state  for  ~  100  nsec 
[16].  It  should  be  mentioned  that  liquid  carbon  has  been  produced  by  direct 
resistive  heating  in  glassy  carbon  [17,18]  and  in  graphite  at  high  pressures  [8]. 

In-Situ  Characterization 

The  formation  of  liquid  carbon  has  been  identified  both  by  in-situ  measure¬ 
ments  in  the  liquid  phase  and  by  measurement  of  regrowth-induced  structure- 
property  modifications  in  the  resolidified  phase.  As  discussed  below,  in-situ 
measurements  of  liquid  carbon  have  not  been  straightforward,  and  have  been 
clouded  by  a  number  of  complications  and  artifacts.  For  this  reason  they  have 
been  supplemented  by  study  of  the  material  formed  by  solidification  of  the 
liquid  carbon,  using  several  complementary  characterization  techniques,  as  dis¬ 
cussed  below. 

Two  dominant  methods  have  been  used  for  the  in-situ  characterization  of 
liquid  carbon:  time-resolved  resistance  and  time-resolved  optical  reflectivity 
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measurements.  Of  these,  the  most  definitive  characterization  has  been  achieved 
by  in- situ  measurement  of  the  electrical  resistance  as  a  rapid  current  pulse  is 
passed  through  a  single  carbon  fiber  (~  10/im  diameter)  to  form  liquid  carbon 
[14],  as  described  below. 

With  the  current  pulse  heating  method,  the  resistance  of  a  single  vapor 
grown  carbon  fiber  is  measured  in  an  ambient  NT  gas  or  N2/SF6  gas  mixture 
as  the  fiber  is  heated  by  a  fast  pulse  (2$  psec)  [14].  The  inert  gases  are  used  to 
suppress  arcing  across  the  fiber  by  carriers  or  ions  emitted  during  the  current 
pulse.  The  current  and  voltage  across  the  fiber  were  monitored  as  a  function 
of  time  during  the  discharge  (see  inset  to  Fig.  2).  By  carrying  out  measure¬ 
ments  on  fibers  covering  a  wide  range  of  heat  treatment  temperatures  Tut-  Tie 
degree  of  crystallinity  in  the  fibers  could  be  varied:  consequently,  resistance 
measurements  were  made  on  fibers  covering  a  wide  range  of  transport  proper¬ 
ties  in  the  solid  phase.  The  most  graphitic  fibers  (see  lower  trace  in  Fig.  2i 
show  initially  an  approximately  linear  increase  in  resistance  R  with  time,  and 
reach  a  maximum  resistance  value  after  ~  5psec  while  still  in  the  solid  phase. 
This  is  followed  by  a  large  drop  in  resistance,  as  liquid  carbon  is  formed,  finally 
reaching  a  constant  value  after  ~  Opsec  from  the  start  of  the  current  pulse.  We 
note  that  the  magnitude  of  the  resistivity  of  liquid  carbon  is  slightly  less  than 
that  of  graphite  at  room  temperature. 

Using  a  finite  difference  technique,  the  heat  flow  equation  for  graphite  is 
solved  to  obtain  the  temperature  dependence  of  the  resistance  and  resistivity 
for  an  ohmic  heating  source  term  5I,[I(f)]2p,(f  )/.4,(t )  where  I(t)  describes  the 
current  pulse,  while  p,(f)  and  At{t)  denote  the  resistance  and  cross  sectional 
area  of  segment  i  along  the  fiber  length  at  time  t.  With  this  model  it  is  possible 
to  account  for  the  temperature  variation  along  the  length  of  the  fiber  and  to 
relate  the  time  after  the  start  of  the  current  pulse  to  the  temperature  of  the 
fiber. 

The  results  for  the  temperature  dependence  of  the  resistivity  p(T)  obtained 
from  these  measurements  for  fibers  with  various  heat  treatment  temperatures 
Tut  are  given  in  Fig.  3,  where  it  is  seen  that  independent  of  the  form  of  p(  T)  in 
the  solid  phase  below  the  melting  point  (Tm  =  4450K),  the  same  temperature- 
independent  low  resistivity  value  (p  =  30  ±  SpQcm)  is  obtained  in  the  liquid 
phase  above  Tm  [14].  These  measurements  provide  the  strongest  presently 
available  evidence  that  liquid  carbon  is  metallic. 

Ohmic  heating  experiments  by  Bundy  [S]  show  that  liquid  carbon  is  also 
metallic  (p  ~  150 pficm)  at  elevated  pressures  10  <  p  <  110  kbar.  Also  of 
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relevance  are  the  experiments  by  Shaner  [IS  on  the  ohmic  heating  of  a  glassy 
carbon  rod  who  found  a  constant  value  for  the  resistivity  (p  ~  lOOOpQcm)  at  el¬ 
evated  temperatures  and  intermediate  pressures  (T  ~  6000K,  p  =  4  kbar).  The 
pressures  in  the  current  pulse  experiments  described  above  [14]  are  estimated 
to  be  Ws  than  1  kbar.  In  addition,  time-resolved  resistivity  experiments  on 
pulsed  laser  heated  carbon  fibers  have  been  attempted,  but  their  interpretation 
has  been  obscured  by  the  observation  of  photoconductivity  phenomena  [19]. 

In  contrast  to  the  in-situ  resistivity  experiments  are  several  recent  in-situ 
optical  experiments  using  pulsed  laser  heating.  The  first  in-situ  reflectivity 
experiment  was  carried  out  using  a  30nsec  ruby  pulsed  laser  operating  at  694 
nm  for  the  generation  of  liquid  carbon  and  a  cw  He-Ne  laser  for  probing  the 
reflectivity  [20], 

In-situ  pump  and  probe  reflectivity  experiments  by  Malvezzi  et-al.  [5l 
used  a  20  psec  Nd:YAG  pulsed  laser  for  producing  the  liquid  carbon:  after  a 
controlled  delay  time,  the  modified  surface  was  examined  with  probe  lasers 
operating  at  three  different  frequencies.  The  marked  decrease  observed  in  the 
reflectivity  Rj  above  a  threshold  laser  energy  density  of  0.14  J/cm2  (see  Fig.  4) 
was  interpreted  directly  in  terms  of  a  change  in  the  optical  constants,  from 
a  semimetallic  phase  in  the  solid  state  to  a  semiconducting,  low  conductivity 
phase  for  liquid  carbon  [5]. 

For  pulsed  laser  experiments  in  the  nanosecond  range  [20],  a  decrease  in  re¬ 
flectivity  was  observed  and  was  attributed  to  particle  emission  from  the  surface 
because  of  the  observed  absorption  of  a  light  beam  just  above  and  parallel  to 
the  laser  irradiated  surface,  but  not  incident  on  the  surface.  These  particles 
were  assumed  to  be  large  enough  to  absorb  and  scatter  the  radiation  leaving 
the  sample,  thus  leading  to  a  reduction  in  the  signal  reaching  the  detector 
[20].  Numerous  ablation  studies  confirm  particulate  emission  from  hot  carbon 
surfaces,  and  identify  the  mass  and  distribution  of  the  emitted  Cn  clusters  [21]. 

While  it  is  possible  to  account  for  the  in-situ  pulsed  nanosecond  reflectiv¬ 
ity  measurements  within  the  framework  of  a  metallic  phase  for  liquid  carbon, 
the  particle  emission  from  a  molten  graphite  surface  on  a  20psec  time  scale 
is  expected  to  be  negligible  [5].  Malvezzi  et  al.  thus  argued  [5]  that  particle 
emission  could  not  alone  account  for  the  change  in  reflectivity  observed  un¬ 
der  20  psec  pulsed  laser  heating  [5].  Although  good  agreement  was  obtained 
between  the  experimental  in-situ  reflectivity  results  at  30nsec  and  at  20psec 
with  regard  to  the  observation  of  a  threshold  for  the  formation  of  liquid  carbon 
and  a  decrease  in  the  reflectivity  linked  with  the  formation  of  liquid  carbon,  the 
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different  conclusions  about  the  conductivity  of  liquid  carbon  remain  unresolved 
at  this  time. 

Some  insight  has  been  shed  on  the  complexity  of  short  pulse  laser  heating 
experiments  by  recent  time-resolved  reflectivity  measurements  on  highlv  ori¬ 
ented  pyrolytic  graphite  ( HOPG  >  using  a  ~  5psec  pulsed  laser  operating  at  low- 
energy  densities  (=  0.2  mJ/cm’j.  three  orders  of  magnitude  below  the  melting 
threshold  for  graphite  '14'.  In  these  experiments  the  heating  laser  was  operated 
at  632. S  //m  and  the  probe  laser  at  502.5  nm.  and  an  increase  in  reflectivity  was 
observed  (see  Fig.  5/  at  very  short  times  after  the  laser  pulse.  This  increase 
in  reflectivity  was  tentatively  identified  with  the  formation  of  an  electron-hole 
plasma.  Later  (after  ~10  pseci.  a  decrease  in  reflectivity  was  observed.  Of 
significance  in  this  work  is  the  observation  of  time  dependent  phenomena  on 
a  10  psec  time  scale  and  of  a  temperature  dependence  of  the  conductivity  and 
reflectivity  of  graphite  at  elevated  temperatures  [14], 

The  temperature  dependence  of  the  resistivity  of  hot  solid  carbon  may 
also  complicate  the  interpretation  of  time  resolved  resistivity  measurements 
on  pulsed  laser  heated  carbon  films  [22],  While  the  increased  resistance  ob¬ 
served  by  Chauchard  et  al.  [22]  after  pulsed  laser  irradiation  of  graphite  may 
be  due  to  the  formation  of  a  quasi-insulating  layer  of  liquid  carbon,  it  may 
also  be  possible  to  account  for  these  observations  by  artifacts  associated  with 
contributions  from  layers  of  hot  solid  carbon  and  vaporization  effects  resulting 
in  loss  of  material  from  the  surface.  While  pulsed  laser  melting  may  be  an 
attractive  method  for  forming  liquid  carbon,  quantitative  interpretation  of  the 
in-situ  experiments  is  difficult. 

Resolidification  Studies  of  Liquid  Carbon 

For  the  pulsed  current  heating  experiments,  the  carbon  fibers  are  usually  de¬ 
stroyed  upon  melting.  Thus  pulsed  laser  heating  is  a  more  appropriate  method 
for  producing  liquid  carbon  when  the  goals  of  the  experiments  are  the  char¬ 
acterization  of  the  material  formed  by  the  recrystallization  of  liquid  carbon. 
Such  characterization  experiments  have  been  significant  in  demonstrating  the 
formation  of  liquid  carbon  and  in  inferring  some  of  the  properties  of  liquid  car¬ 
bon.  There  are  basically  four  characterization  techniques  that  have  been  used 
to  study  carbon  samples  subsequent  to  recrystallization  from  the  liquid  state, 
and  these  are  described  below. 
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Rutherford  backscattering/ion  channeling  measurements  [4]  show  that  above 
a  threshold  laser  energy  density,  a  disordered  near-surface  layer  is  formed  with 
a  sharp  interface  to  the  highly  crystalline  material  of  the  original  highly  oriented 
pyrolytic  graphite  (HOPG)  sample  (Fig.  6a),  consistent  with  the  prior  forma¬ 
tion  of  liquid  carbon  by  pulsed  laser  irradiation  [4].  The  rise  in  the  backscat- 
tering  yield  near  the  surface  is  identified  with  disorder  in  the  recrystallized 
carbon  that  blocks  the  ion  channels  along  the  c-axis  of  the  graphite  crystal 
substrate.  The  unique  information  provided  by  the  Rutherford  backscatter¬ 
ing/ion  channeling  experiments  is  the  thickness  of  the  disordered  near-surface 
layer  as  a  function  of  the  laser  energy  density  E(  (Fig.  6b).  The  thickness  of 
this  disordered  layer  dd  is  identified  with  the  maximum  thickness  of  the  liquid 
carbon  layer  d(  that  had  been  formed  by  the  laser  pulse  minus  the  thickness  of 
the  near  surface  layer  that  had  vaporized  dv  so  that  dd  =  d(  —  dv. 

Using  a  finite  difference  method  to  solve  the  heat  equation  for  a  pulsed 
laser  source  term,  the  thicknesses  of  the  molten  and  vaporized  layers  ( d(  and 
dv)  have  been  calculated  [13,16],  The  good  fit  that  is  obtained  for  dd  is  shown 
in  Fig.  6b  for  the  melting  graphite  with  30  nsec  pulses  at  694  nm  and  with 
25  nsec  pulses  at  248  nm.  In  addition,  the  fit  of  the  model  calculation  to  the 
experimental  results  give  the  melting  temperatures  Tm,  and  the  vaporization 
temperature  Tv  (see  Table  1).  To  achieve  the  high  thermal  conductivity  K 
necessary  to  account  for  the  large  amount  of  liquid  carbon  that  is  generated 
and  the  thickness  of  the  vaporized  layer  dv,  it  is  necessary  for  the  liquid  to  have 
a  very  high  thermal  conductivity.  A  large  thermal  conductivity  is  provided  by 
the  nearly  free  electron  model  with  4  conduction  electrons/carbon  atom  [16]. 
Strong  support  for  the  validity  of  this  metallic  liquid  carbon  model  comes  from 
the  fact  that  the  same  temperature  dependence  for  the  electrical  conductivity 
that  is  needed  to  explain  the  Rutherford  backscattering/ion  channeling  experi 
ments  [16]  also  explains  the  in-situ  resistance  measurements  on  graphite  fibers 
melted  by  pulsed  current  heating  [14],  in  the  simulation  shown  as  the  dotted 
curves  in  Fig.  2. 

A  second  experimental  technique  that  has  been  instrumental  in  confirming 
the  formation  of  liquid  carbon  is  Rutherford  backscattering  on  pulsed  laser 
irradiated  graphite  samples  that  had  previously  been  implanted  with  heavy 
ions  at  various  ion  energies  to  produce  markers  at  various  depths  [23].  Then, 
as  the  laser  energy  density  increases,  the  melt  front  penetrates  further  into  the 
sample.  When  the  melt  front  reaches  the  implanted  marker  region,  the  liquid 
carbon  experiences  a  large  increase  in  impurity  concentration,  as  the  impurities 
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rapidly  diffuse  through  the  liquid.  Since  the  resolidification  process  after  the 
laser  pulse  has  a  high  preference  for  carbon  atoms  relative  to  impurity  atoms, 
the  impurity  concentration  in  the  receding  liquid  continues  to  increase  greatly. 
When  the  solidification  front  reaches  the  surface,  the  residual  liquid  has  its 
maximum  impurity  density.  The  lower  boiling  point  of  the  impurities  leads  to 
a  higher  vaporization  rate  of  the  impurity  species.  Thus,  the  marker  experiment 
is  expected  to  show  a  segregation  of  impurities  at  the  surface  upon  solidification 
of  the  liquid  carbon,  together  with  a  general  loss  in  the  impurity  species  through 
vaporization.  Such  effects  have  indeed  been  observed  in  Ge  and  As  marker 
experiments  in  HOPG  [23],  as  illustrated  in  Fig.  7.  Here  it  is  seen  that  for  a 
laser  energy  density  of  1.5  J/cm2  (for  a  30  psec  ruby  laser),  an  impurity  peak 
at  the  surface  develops.  At  higher  energy  densities,  more  impurities  enter  the 
liquid  phase  and  a  more  pronounced  impurity  segregation  occurs  at  the  surface. 
By  modeling  the  regrowth  process  of  graphite  following  the  work  by  Aziz  on  the 
regrowth  of  silicon  [24],  it  was  possible  to  show  [13]  that  the  diffusion  coefficients 
for  Ge  and  As  in  liquid  carbon  are  approximately  Df  ~  10~4cm2/sec.  many 
orders  of  magnitude  faster  than  in  the  solid  state  ( Ds  ~  10~locm2/sec).  and  of 
comparable  magnitude  to  the  diffusion  coefficient  of  impurities  in  liquid  silicon 
[24].  The  same  analysis  also  yields  a  value  for  the  segregation  coefficient  for  Ge 
and  As  impurities  in  liquid  carbon  of  k  0.17.  where  k  is  defined  by  k  —  Cs/Ci 
where  C$  and  Cl  are  the  impurity  concentrations  in  the  solid  and  liquid  phases 
at  the  solid-liquid  interface. 

The  ion-implanted  marker  experiments  can  also  be  used  to  determine  the 
thickness  of  the  graphite  layer  that  is  vaporized  dv  as  a  function  of  laser  energy 
density  Ef.  In  this  case,  the  impurity  is  implanted  at  a  depth  greater  than 
the  penetration  of  the  melt  front.  Hence,  the  depth  of  the  implanted  marker 
relative  to  the  surface  is  determined  by  the  Rutherford  backscattering  spectra, 
both  before  and  after  pulsed  laser  irradiation  [23]. 

Further  consistency  checks  for  the  liquid  carbon  model  are  provided  by  the 
good  agreement  between  values  of  dv  vs.  Ef  as  determined  directly  from  the 
marker  experiments  described  above  [23]  and  the  model  calculations  based  on 
solution  of  the  heat  equation  [13].  The  model  calculations  for  the  HOPG  sam¬ 
ples  irradiated  with  the  30  nsec  ruby  laser  infer  that  dv  and  E(  are  proportional 
above  a  threshold  value  of  Ef  . 

Raman  spectroscopy  provides  a  third  sensitive  technique  for  characterizing 
the  prior  presence  of  liquid  carbon  [4].  Whereas  only  the  Raman-allowed  line  at 
1580  cm-1  due  to  zone  center  phonons  appears  for  an  HOPG  sample  prior  to  the 
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laser  pulse,  an  additional  disorder-induced  Raman  line  appears  at  ~  1 360cm 
after  the  laser  pulse,  arising  from  the  small  size  of  the  graphite  crystallites  that 
are  formed  during  the  rapid  solidification  of  the  liquid  carbon,  thereby  allowing 
contributions  from  the  Raman  scattering  to  occur  for  phonons  throughout  the 
Brillouin  zone  [25].  As  the  energy  density  of  the  pulsed  laser  radiation  increases 
above  the  threshold  value  for  the  formation  of  liquid  carbon,  the  Raman  spectra 
show  an  increase  in  the  intensity  of  the  disorder-induced  line  I136o  relative  to 
that  for  the  Raman-allowed  line  Ii58o.  as  well  as  an  increase  in  the  linewidth  of 
both  lines,  as  shown  in  Fig.  8.  However,  as  the  laser  energy  density  is  further 
increased,  a  remarkable  decrease  eventually  occurs  in  the  relative  intensity  of 
the  disorder-induced  line  to  the  Raman-allowed  line  given  by  =  / i36o/-fisso 
(see  Fig.  9).  This  decrease  in  Rr  is  accompanied  by  a  decrease  in  the  linewidth 
of  both  Raman  lines.  This  effect  is  attributed  to  an  increase  in  the  graphite 
crystallite  size,  associated  with  the  decreased  solidification  rate.  The  slower 
solidification  rate  arises  from  the  increased  volume  of  liquid  carbon  previously 
formed  by  the  laser  pulse  [4], 

Finally,  transmission  electron  microscopy  (TEM)  observations  show  the  for¬ 
mation  of  broad  rings  going  through  the  (100)  and  (110)  spots  of  the  selected 
area  diffraction  patterns  after  exposure  to  laser  pulses  above  the  melting  thresh¬ 
old  [4,26],  The  broad  rings  are  indicative  of  the  random  orientation  of  the  tiny 
crystallites  formed  by  rapid  solidification  of  the  liquid  carbon.  As  the  laser 
energy  density  is  increased  well  above  the  threshold  level  for  melting,  the  rings 
increase  in  intensity  and  eventually  sharpen  as  the  crystallite  size  increases, 
again  associated  with  the  decreasing  solidification  rate,  as  described  above  in 
connection  with  the  Raman  scattering  experiments.  Of  particular  interest  in 
connection  with  the  TEM  experiment,  is  the  observation  at  higher  laser  en¬ 
ergy  densities  of  an  additional  sharp  ring  in  the  diffraction  pattern  at  the  (002) 
wavevector  [4,26],  corresponding  to  the  diffraction  from  crystallites  oriented  at 
right  angles  to  that  of  the  original  HOPG  sample.  This  effect  is  explained  by 
the  formation  of  a  more  random  distribution  of  crystal  orientations  as  the  time 
for  solidification  increases. 

Scanning  electron  micrographs  of  the  pulsed  laser  irradiated  surfaces  (for 
both  the  30  nsec  and  20  psec  experiments)  show  that  the  rapid  solidification 
gives  rise  to  surface  roughness  with  many  local  regions  exhibiting  upheavals  of 
the  graphite  crystallites  near  the  surface.  In  addition,  many  small  spheres  (di¬ 
ameter  <  0.2/im)  appear  to  be  randomly  distributed  over  the  surface  after  the 
rapid  solidification  process.  A  suggested  explanation  for  the  presence  of  these 


spheres  is  a  hydrodynamic  drop!'-'  ion  associated  with  the  minimization 

of  the  free  energy  of  the  liquid  at  'Uiface  during  rapid  solidification  27,. 

The  similarity  between  SEM.  TEM  am:  Raman  experimental  results  on  samples 
previously  subjected  to  the  30  ns.-<-  and  20  psec  pulsed  laser  radiation,  suggests 
a  similar  velocity  of  the  liquid  solid  interface  during  resolidification  [26j  and 
is  consistent  with  a  single  metafile  phase  for  liquid  carbon.  Nevertheless,  the 
possibility  of  a  second  semi-insulating  liquid  phase  remains  [oj.  Conside:  ..tion 
of  a  shock  wave  associated  with  the  short  laser  pulse  suggests  that  liquid  car¬ 
bon  is  formed  by  the  30  nsec  laser  pulse  "13!  at  pressures  comparable  with  the 
triple  point  of  carbon  [28.29] . 

Whi'e  it  is  not  possible  to  conclude  that  liquid  carbon  has  been  formed 
by  pulsed  laser  heating  on  the  basis  of  any  one  of  the  four  widely  different 
experiments  discuss  ah  t>ve  for  the  characterization  of  the  resolidified  material, 
these  experiments  collectively  provide  convincing  evidence  that  liquid  carbon 
had  been  formed  by  the  pulsed  laser  radiation  [4]. 

In  this  connection,  it  should  be  emphasized  that  the  same  basic  mode!  using 
the  finite  difference  method  for  solving  the  heat  equation  with  the  same  set  of 
temperature-dependent  parameters  is  applied  to  interpret  all  the  experiments: 
(1)  the  in-situ  resistivity  of  carbon  fibers  melted  under  pulsed  current  heating 
[14],  (2)  the  dependence  of  the  disorder  depth  of  the  resolidified  graphite  on  the 
energy  density  of  the  laser  pulse  as  determined  by  the  Rutherford  backscatter- 
ing/ion  channeling  measurements  "1G  and  (3)  the  determination  of  the  diffusion 
properties  of  the  liquid  carbon  from  the  observed  mass  transport  of  the  impu¬ 
rities  in  the  ion  implanted  marker  experiments  carried  out  with  the  Rutherford 
backscattering  technique  [13].  The  success  of  a  single  basic  model  in  explaining 
a  diverse  set  of  experiments  and  phenomena  lends  strong  support  for  a  metallic 
liquid  carbon  phase  at  high  temperature  and  low  pressure.  We  summarize  the 
properties  of  this  metallic  liquid  carbon  phase  in  Table  1. 


Properties  of  Liquid  Carbon  in  the  Metallic  Phase 

From  the  many  diverse  experiments  that  have  been  performed  relevant  to  the 
metallic  liquid  carbon  phase,  many  properties  of  this  liquid  metal  can  be  in¬ 
ferred.  Once  an  assignment  of  4  valence  electrons/carbon  atom  is  made,  a 
number  of  properties  follow  directly  from  the  free  electron  model,  such  as  the 
electron  carrier  density  nr.  the  Fermi  wave  vector  ky  =  ( 3rr*n,  I1'’*,  the  Fermi 
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velocity  vp  =  hkp'm ,  ami  the  F>u::.i  -j\  £f  •  IV..  .v ■ 

mass  of  the  free  electron.  Numerical  value"  fi  >r  th-  -  . .f  ..  .  u' 

are  listed  in  Table  1  Also  obtained  from  the  fr*~  •■.■  ■  ■■.  <■  .■ 

capacity  of  liquid  carbon  at,  constant  pressure  g  \ 

c\  =  3/?-  - : i-h  t r  2/ ,  . 

which  yields  Cp  =  26  J/inole-K  at  T^:  this  value  for  C..  is  •<,  be  compare  : 
2SJ/mole-K  for  the  solid  phase  at  T.rt  30 

Estimates  for  the  melting  temperature  T„  =  443iK  and  the  vap' c:.'<v  :•  : 
temperature  Tv  =  4700K  are  obtained  from  the  calculation  of  the  ; 

depth  dd  of  the  rapidly  solidified  graphite  crystallites,  where  a’.,  is  measured  by 
the  Rutherford  backscattering/  ion  channeling  experiments.  This  estimate  <,f 
the  melting  temperature  is  in  good  agreement  with  thermodynamic  studies  near 
the  triple  point  [2S.29].  Thermodynamic  arguments  have  been  used  to  evaluate 
the  heat  of  fusion  AFfm  =  lOokJ/mole  [S]  and  the  entropy  of  fusion  Sm  - 
2.63J/mole-K  [29].  From  the  Clausius-Clapeyron  equation,  the  volume  change 
on  melting  can  be  found  Al’  =  A Hm/Tm(dp/dT  1  which  becomes  0.14  cm’Vg 
using  the  value  of  (dp/dT )  =  1.4  x  108  dvnes/cnv-K  [S].  The  corresponding 
densities  at  the  melting  point  T^  are  pm  —  1.54g/cm3  for  liquid  carbon  ami 
Pm  =  1.97g/cm3  for  the  solid  phase  [13]. 

To  find  the  resistivity  for  a  liquid  metal,  the  free  electron  model  must  be 
refined  to  include  correlation  effects.  Following  the  work  of  Ziman  [31],  Bradley 
et  al.  [32],  Ferraz  and  March  [3]  and  Ste%-enson  and  Ashcroft  [33b  the  resistivity 
of  the  liquid  metal  is  found  from  the  Drude  model 

p  =  mfvF/nee2(  (3) 

where  the  mean  free  path  C  is  found  from  the  expression 

\  oc  ^rF  [  dKK\(I<)  |  V(I<)  |2  T(K).  (4) 

The  liquid  structure  factor  a(A’)  in  Eq.  (4)  is  found  from  the  Percus-Yevick 
model  [34],  and  the  pseudopotential  V(I\)  is  found  from  the  Heine— Abarenkov 
model  [35],  both  of  which  have  been  calculated  for  liquid  carbon  [13]  and  the 
results  are  shown  in  Fig.  10.  The  function  HA’)  is  a  correction  for  the  blurring 
of  the  Fermi  surface  since  f  is  of  comparable  magnitude  to  the  atomic  separation 
of  carbon  atoms  in  the  liquid  phase.  Evaluation  of  the  integral  for  (l/£)  yields 


a  value  of  pi  =  40/zficm  [13],  in  good  agreement  with  the  experimental  value 
of  pi  =  (30  ±  8)pflcm  [14].  On  the  basis  of  this  model,  the  resistivity  of 
liquid  carbon  is  expected  '■o  be  independent  of  temperature  since  a(I\  )  ~  1. 
in  agreement  with  the  experimental  results.  Of  interest  is  the  low  value  of 
the  resistivity  of  liquid  carbon  compared  to  that  of  the  solid  phase  at  Tm  (ps  — 
170/aficm),  which  can  be  explained  by  the  very  high  carrier  concentration  in  the 
liquid  in  comparison  with  the  hot  graphite  just  below  the  melting  temperature. 

From  the  electrical  resistivity,  the  optical  constants  n  and  k  can  be  calcu¬ 
lated  on  the  basis  of  the  Drucle  model  [13].  Values  of  the  absorption  coefficient 
and  reflectivity  are  given  in  Table  1  at  the  frequencies  of  the  pulsed  lasers  that 
were  used  in  the  pulsed  laser  melting  experiments.  Also  from  knowledge  of  the 
liquid  structure  factor  a(A'),  the  compressibility  of  liquid  carbon  can  be  found 
using  the  relation 

3C  =  a(0)V/kBTX  (5) 

(see  Table  1)  [32]. 

Using  the  Wiedemann-Franz  relation,  the  thermal  conductivity  for  liquid 
carbon  can  be  found 

K,  =  z2k2BT/3e2p(  (6) 

yielding  a  value  of  2.9  W/cm-K  at  T  =  Tm.  The  value  of  Ab  for  liquid  carbon 
is  much  higher  than  the  value  of  the  solid  at  Tm.  where  I\  is  highly  anisotropic 
[30]  with  an  in-plane  value  estimated  to  be  Ah,  ~  1  W/cm-K  at  Tm  and  a  much 
lower  c-axis  value  of  I\c  ~  0.015  W/cm-K.  It  should  be  noted  that  the  thermal 
conductivity  of  liquid  carbon  is  dominated  by  the  electronic  contribution,  and 
for  the  solid  phase  by  the  phonon  contribution. 

Although  it  has  been  possible  to  infer  many  properties  of  liquid  carbon  from 
indirect  experiments  and  model  calculations,  detailed  experiments  are  needed 
to  further  establish  the  validity  of  these  models.  This  remains  a  challenge  for 
future  studies  of  this  highest  temperature  liquid.  Of  particular  interest  would 
be  an  experimental  determination  of  the  liquid  structure  factor.  Such  exper¬ 
iments  would  also  provide  important  information  on  the  existence  of  an  insu¬ 
lating  molecular  liquid  carbon  phase  as  suggested  by  picosecond  time  resolved 
reflectivity  measurements  [5]. 

Studies  of  the  ultra  high  temperature  region  of  the  phase  diagram  for  carbon 
are  both  of  technological  and  scientific  interest.  Current  technology  in  lasers 
and  high  speed  electronics  allow  the  possibility  of  experimental  advances  in  the 
study  of  liquid  carbon.  In  addition,  ab-initio  theoretical  calculations  of  such  an 


interesting  and  varied  phase  diagram  represent  a  good  test  of  current  numerical 
techniques.  It  might  be  expected  that  a  few  surprises  and  many  rewards  await 
the  diligent  researcher. 
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Figure  Captions 


Figure  1:  The  phase  diagram  suggested  by  Bundy  [8]  from  experimental  data 
on  the  high  pressure  portion  of  the  phase  diagram. 

Figure  2:  Time  dependence  of  the  resistance  of  two  carbon  fibers  (prepared 
with  different  heat  treatment  temperatures)  while  heated  by  a  28  ^ sec  current 
pulse.  The  schematic  for  the  experimental  arrangement  used  to  heat  and  melt 
the  graphite  fibers  is  shown  in  the  inset  to  the  lower  trace  [14].  The  dotted 
curves  represent  the  results  of  a  computer  simulation  based  on  solution  to  the 
heat  flow  equation. 

Figure  3:  The  electrical  resistivity  versus  temperature  for  graphite  fibers  with 
Tht  =  1700, 2100, 2300, 2800°C.  The  measured  electrical  resistivity  for  liq¬ 
uid  carbon  is  shown.  Note  that  the  electrical  resistivity  for  the  fiber  with 
Tht  —  1700°C  is  the  only  one  characteristic  of  an  activated  conductivity  in  the 
solid  state  [14]. 

Figure  4:  Transient  reflectivity  measurements  using  pulsed  laser  heating  and 
a  pump/probe  detection  technique.  The  pump  and  probe  were  provided  by  a 
20  psec  pulse  from  a  Nd:YAG  laser  operating  at  the  532  nm  harmonic  and  the 
delay  time  between  the  pump  and  probe  was  varied.  The  inset  shows  the  short 
delay  time  data  for  low  laser  energy  densities  [5]. 

Figure  5:  Time  dependent  reflectivity  of  highly  oriented  pyrolytic  graphite 
heated  by  a  5  psec  laser  pulse  [633  nm]  at  laser  energy  densities  far  below  the 
threshold  for  melting.  The  probe  laser  is  at  592  nm.  The  inset  shows  the 
reflectivity  response  for  the  0.2  mJ/cm2  laser  energy  density  over  a  longer  time 
scale  [14]. 

Figure  6:  (a)  Rutherford  backscattering/ion  channeling  spectra  for  30  nsec 
pulsed  ruby  laser  irradiated  graphite  (694  nm).  The  onset  for  formation  of  the 
disordered  layer  occurs  for  a  laser  energy  density  of  0.6  J/cm2  [4]. 

(b)  Summary  of  the  results  of  ion  channeling  spectra  on  graphite  for  a  30  nsec 
pulsed  ruby  (694  nm)  laser  and  a  25  nsec  pulsed  IvrF  (248  nm)  laser.  The 
points  are  experimental  and  the  fits  (dashed  lines)  are  made  by  solution  of  the 
heat  equation  [4,13,16]. 


Figure  7:  Plot  of  the  Rutherford  backscattering  yield  vs.  depth  (channel  num¬ 
ber)  showing  the  redistribution  of  ion  implanted  germanium  in  pulsed  laser 
irradiated  graphite  for  several  laser  energy  densities.  Note  the  movement  of 
impurities  to  the  surface  using  the  depth  scale  shown  on  the  top  of  the  figure 

[23]- 


Figure  8:  Raman  spectra  for  pulsed  irradiated  graphite.  The  spectrum  in  (a)  is 
for  the  first  and  second  order  Raman  peaks  in  graphite  prior  to  the  laser  pulse. 
The  spectra  in  (b)  and  (c)  are  the  first  and  second  order  Raman  spectra  for 
graphite  irradiated  with  an  energy  density  of  1.9  J/cm2  and  3.6  J/cm2  from  a 
30  nsec  pulsed  ruby  laser,  respectively.  For  comparison,  the  spectrum  in  (d)  is 
for  glassy  carbon,  a  disordered  graphite  with  a  small  crystallite  size. 


Figure  9:  A  summary  of  measurements  of  the  Reiman  intensity  ratio  I\3eo/ hsso 
made  with  a  20  psec  Nd:YAG  (532  nm)  pulsed  laser  and  a  30  nsec  ruby  (694 
nm)  pulsed  laser  for  the  laser  energy  densities  shown  on  the  upper  and  lower 
scales.  Note  the  relation  between  /i36o/^i5so  and  the  in-plane  crystallite  size 
La  shown  on  the  right  hand  scale  [27], 


Figure  10:  The  liquid  structure  factor  a(k )  and  the  pseudopotential  function 
V(k )  for  a  metallic  liquid  carbon  phase  [13],  The  dashed  line  denotes  the  k 
value  of  the  node  in  V(k). 
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Figure  1:  The  phase  diagram  suggested  by  Bundy  [8]  from  experimental  data 
on  the  high  pressure  portion  of  the  phase  diagram. 


Figure  2:  Time  dependence  of  the  resistance  of  two  carbon  fibers  (prepared 
with  different  heat  treatment  temperatures)  while  heated  by  a  28  fjtsec  current 
pulse.  The  schematic  for  the  experimental  arrangement  used  to  heat  and  melt 
the  graphite  fibers  is  shown  in  the  inset  to  the  lower  trace  [14].  The  dotted 
curves  represent  the  results  of  a  computer  simulation  based  on  solution  to  the 
heat  flow  equation. 
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Figure  3:  The  electrical  resistivity  versus  temperature  for  graphite  fibers  with 
Tht  —  1700, 2100, 2300, 2800°C.  The  measured  electrical  resistivity  for  liq¬ 
uid  carbon  is  shown.  Note  that  the  electrical  resistivity  for  the  fiber  with 
Tht  =  1  700° C  is  the  only  one  characteristic  of  an  activated  conductivity  in  the 
solid  state  [14], 
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Figure  4:  Transient  reflectivity  measurements  using  pulsed  laser  heating  and 
a  pump/probe  detection  technique.  The  pump  and  probe  were  provided  by  a 
20  psec  pulse  from  a  Nd:YAG  laser  operating  at  the  532  nm  harmonic  and  the 
delay  time  between  the  pump  and  probe  was  varied.  The  inset  shows  the  short 
delay  time  data  for  low  laser  energy  densities  [5]. 
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Figure  5:  Time  dependent  reflectivity  of  highly  oriented  pyrolytic  graphite 
heated  by  a  5  psec  laser  pulse  [633  nm]  at  laser  energy  densities  far  below  the 
threshold  for  melting.  The  probe  laser  is  at  592  nm.  The  inset  shows  the 
reflectivity  response  for  the  0.2  mJ/cnr  laser  energy  density  over  a  longer  time 
scale  [14]. 
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Figure  6:  (a)  Rutherford  backscattering/ion  channeling  spectra  for  30  nsec 
pulsed  ruby  laser  irradiated  graphite  (694  nm).  The  onset  for  formation  of  the 
disordered  layer  occurs  for  a  laser  energy  density  of  0.6  J/cm2  [4]. 
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(b)  Summary  of  the  results  of  ion  channeling  spectra  on  graphite  for  a  30  nsec 
pulsed  ruby  (694  nm)  laser  and  a  25  nsec  pulsed  KrF  (248  am)  laser.  The 
points  are  experimental  and  the  fits  (dashed  lines)  are  made  by  solution  of  the 
heat  equation  [4.13,16]. 
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Figure  7:  Plot  of  the  Rutherford  backscattering  yield  vs.  depth  (channel  num¬ 
ber)  showing  the  redistribution  of  ion  implanted  germanium  in  pulsed  laser 
irradiated  graphite  for  several  laser  energy  densities.  Note  the  movement  of 
impurities  to  the  surface  using  the  depth  scale  shown  on  the  top  of  the  figure 
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Figure  3:  Raman  spectra  for  pulsed  irradiated  graphite.  The  spectrum  in  (a)  is 
for  the  first  and  second  order  Raman  peaks  in  graphite  prior  to  the  laser  pulse. 
The  spectra  in  (b)  and  (c)  are  the  first  and  second  order  Raman  spectra  for 
graphite  irradiated  with  an  energy  density  of  1.9  J/cm"  and  3.6  J/cm  from  a 
30  nsec  pulsed  ruby  laser,  respectively.  For  comparison,  the  spectrum  in  fd)  is 
for  glassy  carbon,  a  disordered  graphite  with  a  small  crystallite  size. 
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Figure  9:  A  summary  of  measurements  of  the  Raman  intensity  ratio  A360/A580 
made  with  a  20  psec  Nd:YAG  (532  nm)  pulsed  laser  and  a  30  nsec  ruby  (694 
nm)  pulsed  laser  for  the  laser  energy  densities  shown  on  the  upper  and  lower 
scales.  Note  the  relation  between  A 360/A580  and  the  in-plane  crystallite  size 
La  shown  on  the  right  hand  scale  [27], 
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Figure  10.  The  liquid  structure  factor  a(fc)  and  the  pseudopotential  function 
V(k)  for  a  metallic  liquid  carbon  phase  [13].  The  dashed  line  denotes  the  k 
value  of  the  node  in  V(k). 


